Engine performances and emission characteristics of Karanja oil methyl ester blended with diesel were carried out on a variable compression diesel engine. In order to search for the optimal process response through a limited number of experiment runs, application of Taguchi method in combination with grey relational analysis had been applied for solving a multiple response optimization problem. Using grey relational grade and signal-to-noise ratio as a performance index, a particular combination of input parameters was predicted so as to achieve optimum response characteristics. It was observed that a blend of fifty percent was most suitable for use in a diesel engine without significantly affecting the engine performance and emissions characteristics.
Introduction
Rudolf Diesel, the father of Diesel engine, demonstrated the first use of vegetable oil in compression ignition engine. He used peanut oil as fuel in his engine. Because of the increase in the crude oil prices and limited reserve of fossils fuels, there has been a renewed focus on usage of vegetable oils as suitable alternative to diesel fuel. They are known as biodiesel, essentially an ester of vegetable oil. A brief discussion of some important research findings related to this field is presented below.
Carraretto et al. [1] conducted experiment on a CI engine firstly on a test bench and later on an urban bus. They observed that with biodiesel, there was an increase in specific fuel consumption and emission of oxides of nitrogen (NO ). However, carbon monoxide (CO), carbon dioxide (CO 2 ) emissions were reduced. Raheman and Phadatare [2] observed that Karanja oil methyl ester blended with diesel could be a suitable alternative fuel. Their emission study indicated that CO and NO were reduced by a good percentage compared to diesel. Agarwal [3] produced biodiesel from Ratanjyot (Jatropha), Karanja, Nagchampa, and Rubber by using both methyl and ethyl alcohol. He also claimed that biodiesel could be a better alternative to petroleum diesel since there was no need for engine modification.
Raheman and Ghadge [4, 5] carried out experiment using Mahua biodiesel and its blends in a Ricardo E6 engine. They varied the compression ratio from 18 to 20. It had been observed that with an increase in percentage of biodiesel, brake-specific fuel consumption increased while brake thermal efficiency decreased. Rao et al. [6] concluded from his investigation that the vegetable oils were promising alternative fuels for agricultural diesel engines. However, these vegetable oils exhibited slightly inferior performance in respect to higher smoke emission. Kalbande and Vikhe [7] studied the performance of Jatropha and Karanja biodiesel and their blends with diesel. The efficiency of Karanja biodiesel was found to be higher for B20 (20% biodiesel and 80% diesel) and B40 (40% biodiesel and 60% diesel) blend among different combination of Karanja bio-diesel blend. In case of Jatropha, B60 and B80 delivered the maximum efficiency. Fontaras et al. [8] investigated the combustion and emission characteristics of biodiesel using soybean biodiesel in a diesel passenger car complying EURO 2 emission standard. They observed that there had been a problem of cold starting while using soybean biodiesel.
Journal of Engineering
Godiganur et al. [9] observed that after trans-esterification mahua oil showed a similar kind of property as that of diesel. Among the different blends, 20% (B 20) blend was found to be the most suitable. Baiju et al. [10] produced Karanja oil ethyl ester and Karanja oil methyl ester from Karanja oil. Both of them showed good emission characteristics except presence of NO being on the higher side. They also claimed that the methyl ester exhibited a better performance than ethyl ester. In a study made by Sahoo et al. [11] , Jatropha, Karanja, and Polanga methyl esters were blended with diesel. The maximum power output was obtained from B 50 blend. The smoke emission was found to be reduced in case of biodiesel at full throttle. However, CO and NO emission increased a bit compared to diesel.
Murugesan et al. [12] observed that methyl ester of Karanja oil could be directly used in CI engines without any modification. In case of biodiesel, brake-specific fuel consumption was found to be higher than that of diesel and the emission characteristics were reduced. They noted that the B 20 Blend was the most suitable alternative for diesel. Duraisamy et al. [13] carried out experiment by mixing the methyl esters of Jatropha, Pongamia, Mahua, and Neem seed oil. In engine performance study, the B 40 biodiesel showed a thermal efficiency almost equal to that of diesel. Emission study indicated a reduction of hydrocarbon (HC) and carbon monoxide (CO) at any percentage mix but increased in NO and smoke density.
The review of the literature clearly indicated that researchers have put sincere attempt to find out the suitable alternative to diesel fuel without going through major engine modification. In most cases, they varied different input parameters, such as load, blend of fuels, and compression ratio, one at a time and observed the performance and emission characteristics of the engine. However, it may be pointed out that the number of input parameters was more than one and response of the system was not unidirectional. In other words, for a few responses lower values were better while for others higher values were better. As a result, the study became a multiresponse optimization problem that required a systematic approach to ascertain the number of experiments to be made in order to cover the entire domain of input parameters.
Based on the above-mentioned observations, an attempt was made to determine an optimum combination of input parameters that maximizes response characteristics. Design of experiment was carried out in such a fashion that the number of experiments to be carried out should be minimum while output data to be maximum. In the present investigation, Karanja biodiesel was taken as a fuel for experimentation. The performance test of biodiesel was conducted on a Kirloskar-made single-cylinder variable-compression-ratio engine.
The objective of the study was to determine the optimum blend of Karanja biodiesel and diesel oil that would result in a better engine performance along with minimum emission characteristics. Following Grey-Taguchi approach, a multiresponse problem was converted into a single one using weighting factors of grey relational analysis. Lastly, validation of the result was carried out by actual experimentation. 
Methodoloy
In order to determine the optimum blend of Karanja biodiesel and diesel on engine performance and emission characteristics of a variable compression ignition engine, three major input parameters, namely, load ( ), blend of fuels ( ), and compression ratio ( ) were considered to be main design factors. Each factor was further subdivided into five levels as shown in Table 1 . The levels and their ranges were selected based on the previous findings as described on the open literature. All together, eight response (output) parameters were analysed; three of them belonged to performance characteristics of the engine, namely, brake power (BP), brake-specific fuel consumption (BSFC), and brake thermal efficiency (BTE). The rest five responses were emission characteristics of the engine, namely, CO, CO 2 , O 2 , NO , and HC. The relevant fuel properties of diesel and Karanja biodiesel were tested as per ASTM standard (Table 2) . Since there were many input and output variables, a large number of experiments had to be conducted to cover entire domain. A well-designed experiment could produce significantly more information with fewer runs compared to an unplanned experimentation. Accordingly, Taguchi's parameter design method was adopted to understand the effect of different input parameters on response. However, conventional Taguchi method could effectively establish optimal parameter settings for single performance characteristics. Since multiple performance characteristics with conflicting goals were present, Grey-Taguchi method was adopted to generate a single response from different performance characteristics.
Taguchi Analysis.
The Taguchi method, developed by Dr. Taguchi, involved reduction of variation in a process through robust design of experiments. A standard orthogonal array could be selected for designing the experimental plan based on the total number of degree of freedom, number of factor, and level of each factor. In the present study an orthogonal array (L25) was considered having 25 rows corresponding to the total number of tests (24 degrees of freedom) with 3 columns of input parameters each having 5 levels.
Grey Relational Analysis.
Signal-to-noise ratio ( / ) is a measure used in science and engineering for comparing the level of a desired signal to the level of background noise. Since the present study aimed at optimizing eight response parameters, it might so happen that the higher / ratio for one performance characteristic may exhibit a lower / ratio for another characteristic. Therefore, the overall evaluation of the / ratio was required for the optimization of multiple performance characteristics. Grey relational analysis [14, 15] was found to be an efficient tool for analyzing this kind of problem. It was used to determine the key factors of the system and their correlations. The key factors were identified by the input and output sequences.
In the present paper, the experimental results were first normalized in the range between zero and one. Afterwards, the grey relational coefficients were obtained from the normalized experimental data to express the relationship between the desired and actual experimental data. Lastly, the overall grey relational grade was obtained by averaging the grey relational coefficients corresponding to each selected process response. The evaluation of the multiple process response was based on the grey relational grade. This method was employed to convert a multiple response process optimization problem into a single response problem with the objective function of overall grey relational grade. The corresponding level of parametric combination with the highest grey relational grade was considered as the optimum process parameter.
Therefore, when the target value of the original sequence was "the higher-the-better" the original sequence was normalized as follows:
When the purpose was "the lower-the-better" the original sequence was normalized as follows
( ) is the original reference sequence, ( ) is the sequence for comparison, = 1, 2, . . . , , = 1, 2, 3, . . . , , with , being total no of experiments and responses. min ( ) is the smallest value of ( ) and max ( ) is the highest value of ( ).
Here, ( ) was the value after the grey relational generation. An ideal sequence was 0 ( ). The grey relational grade revealed the relational degree between the experimental run sequences [ 0 ( ) and ( ), = 1, 2, . . . ].
The grey relational coefficient ( ) could be calculated as
where
was the difference of the absolute value between 0 ( ) and ( ). Δ min , Δ max were the minimum and maximum values of the absolute differences (Δ 0 ) of all comparing sequences. The purpose of distinguishing coefficient (0 ≤ ≤ 1) was to weaken the effect of Δ max when it became too large. In the present analysis, the value of was taken as 0.5.
After averaging the grey relational coefficients, the grey relational grade was be calculated. The higher value of grey relational grade was considered to be the stronger relational degree between the ideal sequence 0 ( ) and the given sequence ( ). The ideal sequence 0 ( ) was supposed to be the best process response in the experimental layout. Thus the higher relational grade implied that the corresponding parameter combination was closer to the optimal.
Grey Relational Grade Generation.
With respect to increase in blend of fuel, engine performances exhibited demising nature while emission characteristics showed increasing trend. Since reduction of engine emission could be achieved by means of different types of external equipments, such as exhaust gas recirculation (EGR), the analysis was carried out in such a way that the performance of the engine did not suffer even when diesel was replaced by blend of Karanja biodiesel and diesel oil.
Accordingly, while converting multiple grey relation grades, the value of weighting factor in engine performance was taken higher than that of emission characteristics. When appropriate, weighting factors was used with the sequence values; the general form of grey relational grades became
In the present case, the following values of weighting factors had been taken for different responses: brake power = 0.3, brake-Specific fuel consumption = 0.3, brake thermal efficiency = 0.3, CO emission = 0.01, HC emission = 0.01, CO 2 emission = 0.03, O 2 emission = 0.01, and NO emission = 0.04. The different sequence value of weighting factor ( ) could be specified from experience, or appropriate weights could be computed by processes such as singular value decomposition using preliminary grey relational grade values. One should note that the use of weighting factors would not be equivalent to changes in the sequence value units used or the choice made for sequence normalization [15, 16] . 
Experimental Setup
The engine was directly coupled to an eddy current dynamometer using flexible coupling (Figure 1 ). The output of the eddy current dynamometer was fixed to a strain gauge load cell for measuring load applied to the engine. A gas analyzer was used for the measurement of carbon monoxide (CO), oxides of nitrogen (NO ), unburned hydrocarbon (HC), oxygen (O 2 ), and carbon dioxide also. CO was measured as percentage volume and NO , HC was measured as nhexane equivalent, parts per million (ppm). A glass burette was provided at the fuel tank for the measurement of fuel consumption by volume per minute. For this purpose a stopwatch was used to measure the diesel and biodiesel fuel separately. The engine was subjected to different loads (4 kg, 8 kg, 12 kg, 16 kg, and 20 kg), corresponding to load ranging from 20% at the lowest level and 100% at the highest level. Knowing the dynamometer shaft length (0.185 m), torque applied on the engine was determined. All the experiments were carried out at a rated speed of 1500 rpm maintaining 23 ∘ BTDC (before top dead centre) for both diesel and biodiesel. The experiments were conducted using B 0 (0% Karanja, 100% diesel), B 25 (25% Karanja, 75% diesel), B 50 (50% Karanja, 50% diesel), B 75 (75% Karanja, 25% diesel), and B 100 (100% Karanja) under different load conditions on the engine and the results are presented in Table 4 . The compression ratios (CR) were varied (14 : 1, 15 : 1, 16 : 1, 17 : 1, and 18 : 1). During the experiment, whenever fuel was changed, the fuel lines were cleaned and the engine was left to operate for 30 min to stabilize at its new condition. Figure 2 shows the whole engine assembly used for the experiment. The specifications of the engine and eddy current dynamometer are given in Table 3 . The engine exhaust (CO, HC, CO 2 , O 2 , and NO ) was analyzed and calculated by AVL DIG AS 444 gas analyzer fitted with DIGAS SAMPLER at the exhaust. Specification of the gas analyzer is furnished in Table 3 . 
Results and Discussions
Different combinations of three input variables, namely, load, compression ratio (CR), and blends were considered and eight output responses (output) were obtained. In order to search for the optimal process condition through a limited number of experiment, Taguchi's L25 orthogonal array had been selected. Therefore, total number of experiments conducted was 25 ( = 25). Following grey relation methods, experimental results were normalized in the range between zero to one. However, it was noted that out of eight responses shown in columns 5 to 12 of Table 4 , higher target values of three responses (BP, BTE, and O 2 ) were better while those for the rest five responses, lower values were desirable. Accordingly, during normalization of data, target values of BP, BTE, and O 2 parameters were calculated using (1) and the rest were obtained from (2) . Furthermore, using (3), grey relation coefficients ( ) were evaluated for each response.
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In order to determine the grey relational grades (4) had been used. Considering appropriate weighing factors, the overall grey relation grade, thus, obtained is shown in Table 5 .
Analysis of Signal-to-Noise Ratio.
Since the traditional method could not capture the variability of the results signalto-noise ratio was introduced to analyze the grey relation grade. The signal-to-noise ratio for overall grey relation grade was calculated from (6) presented below. Since the main aim of the experiment was always to determine the highest possible / ratio for the result, the higher-the-better (HB) criteria was sort for. A high value of / implied that the signal was much higher than the random effects of the noise factors:
where = experiment number, = trial number, and = number of trials for experiment .
The analysis of the output response was done by minitab software. Table 6 shows the average of the selected characteristics for each level of the design factors. The graphical representation of / ratio for three factors, load, blend, and compression ratio, is shown in the main effect plot (Figure 3) . If the line for a particular parameter is nearly horizontal, the parameter has less significant effect on response. On the other hand, a parameter for which the line has the highest inclination will have the most significant effect. It had been observed from the plot that parameter (load) had the most significant effect among the three parameters. The optimum process parameter combination corresponding to minimum emission and better engine performance was indicated by the maximum value for signal-tonoise ratio for each input parameter. Thus, from Table 6 and Figure 3 , the optimum process parameter combination was found to be A5B3C4, that is, load at 100%, blend of fuel at B 50 (50% Karanjal, 50% diesel), and a compression ratio of 17 : 1.
Confirmation Tests.
After the optimum process parameter was selected from the / ratio plot, the objective was to predict the result and verify it by actual experimentation. First, corresponding to optimum level of process parameters, the estimated / ratio (̂) was evaluated using the following equation̂=
where is the total mean of / ratio, is the mean of / ratio for optimum level, and is the number of the main design factors that affect the output responses. Following (7), the estimated value of̂, corresponding to A5B3C4, was obtained as −1.28942.
In order to verify our estimated value, an experiment was actually carried out with A5B3C4 combination. The corresponding / ratio of the grey relational grade was found to be −1.55769 as shown in Table 7 . The values of grey relation grade are also mentioned in the table.
In addition, an initial parameter combination of A3B3C3 (load 60%, blend of fuel B 50, and compression ratio 16) had been chosen as it lay at the mean level. Again, an actual experiment was conducted with this combination and the value of̂thus obtained was also shown in Table 7 . It had been observed that the increase in the / ratio from the initial parameter combination to the optimal parameters was 0.38181.
Conclusion
In this experimental study, the effect of Karanja oil methyl ester diesel fuel blends (B 0, B 25, B 50, B 75 , B 100) on engine performance and exhaust emissions were investigated. The engine performance and emission characteristics had been analysed in the context of applicability of blend of Karanja oil methyl ester with conventional diesel as a suitable alternative fuel resource. In the study, an attempt was made to optimize the engine responses comprising of eight different parameters when three input parameters were varied simultaneously. Since the investigation clearly indicated possibility of a large number of test combinations, design of experiment was carried out using Taguchi method to limit the number of experiments by the formation of orthogonal array, yet without sacrificing significant information.
Complexity of the optimization problem was evident from the fact that the responses were not unidirectional. Subsequently, multiresponse problem was converted into a single one with the application of weighting factors of grey relational analysis and optimum solution was obtained from the test data. The total mean S/N ratio ( ) = −4.15.
Finally finding of experimental study was validated with the result obtained through actual experimentation. It was concluded that B 50 blend was found to be most suitable blend for diesel engine without significantly affecting the engine performance and emissions characteristics, corresponding compression ratio and engine load being 17 and 80% respectively.
